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Background: Lignocellulose degrading fungal enzymes have been in use at industrial level for more than three decades.
However, the main drawback is the high cost of the commercially available Trichoderma reesei cellulolytic enzymes.
Results: The hydrolytic performance of a novel Clostridium thermocellum cellulolytic recombinant cellulase expressed in
Escherichia coli cells was compared with the naturally isolated cellulases in different modes of fermentation trials using
steam explosion pretreated thatch grass and Zymomonas mobilis. Fourier transform infrared (FT-IR) spectroscopic analysis
confirmed the efficiency of steam explosion pretreatment in significant release of free glucose moiety from complex
lignocellulosic thatch grass. The recombinant GH5 cellulase with 1% (w v-1) substrate and Z. mobilis in shake flask separate
hydrolysis and fermentation (SHF) and simultaneous saccharification and fermentation (SSF) trials demonstrated highest
ethanol titre (0.99 g L-1, 1.2 g L-1) as compared to Bacillus subtilis (0.51 g L-1, 0.72 g L-1) and Trichoderma reesei (0.67 g L-1,
0.94 g L-1). A 5% (w v-1) substrate with recombinant enzyme in shake flask SSF resulted in a 7 fold increment of ethanol
titre (8.8 g L-1). The subsequent scale up in a 2 L bioreactor with 1 L working volume yielded 16.13 g L-1 ethanol titre
implying a 2 fold upturn. The rotary evaporator based product recovery from bioreactor contributed 94.4 (%, v v-1) pure
ethanol with purification process efficiency of 22.2%.
Conclusions: The saccharification of steam exploded thatch grass (Hyparrhenia rufa) by recombinant cellulase (GH5)
along with Z. mobilis in bioethanol production was studied for the first time. The effective pretreatment released
substantial hexose sugars from cellulose as confirmed by FT-IR studies. In contrast to two modes of fermentation, SSF
processes utilizing recombinant C. thermocellum enzymes have the capability of yielding a value-added product,
bioethanol with the curtailment of the production costs in industry.
Keywords: Bacillus subtilis (B. subtilis), Family 5 Glycoside hydrolase (GH5), Simultaneous saccharification and fermentation
(SSF), Trichoderma reesei (T. reesei), Zymomonas mobilis (Z. mobilis), BioreactorBackground
Fast depletion of fossil fuel reserves and increasing prob-
lem of greenhouse gas effects has stimulated a worldwide
interest in alternative, non petroleum-based sources of
energy. The use of ethanol as an alternative fuel derived
by fermentation process will significantly reduce the con-
sumption of crude oil and eventually the net carbon di-
oxide emission. The utilization of cheaper substrates such* Correspondence: arungoyl@iitg.ernet.in
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reproduction in any medium, provided the oras lignocelluloses and other renewable biomasses would
make bio-ethanol more competitive than fossil fuels [1].
Effective pretreatment and efficient hydrolysis of ligno-
cellulosic substrates is the rate limiting step towards
techno-economical feasibility of lignocellulosic ethanol
fermentation. Electron microscopy and fourier trans-
form infrared (FT-IR) spectroscopy have been used for
the analysis of structural and morphological modifications
in the biomass after pretreatment [2-5]. The hydrolytic ac-
tivity of cellulases with the maximum release of utilizable
sugars is a crucial factor in bioethanol production. With
respect to various pretreatments, the utility of enzymatic
hydrolysis with the aid of microbes has many advantages
such as less usage of energy, no release of toxic chemicalsLtd. This is an Open Access article distributed under the terms of the Creative
commons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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onment as well as mankind. The prime hindrance in the
usage of commercial fungal enzymes is, lies in its high
cost. Also, there is absence of prominent β-glucosidase
activity in most of the readily available enzymatic pools,
directed towards an efficient saccharification process [6].
Bacterial cellulases are also potential candidates as they
can withstand harsh conditions such as high temperature,
sugar, salt and ethanol concentrations during lignocellu-
lose degradation and can metabolize wide range of sugars
improving the process of ethanol production [7]. Bacillus
subtilis (AS3) produce cellulases which are alkaline, ther-
mostable, show wide range of pH stability and substrate
specificity for both soluble and crystalline substrates such
as avicel [8]. The optimum temperature for cellulase ac-
tivity of B. subtilis (AS3) is close to that of recombinant
and fungal cellulase [8]. The cellulosome of Clostridium
thermocellum is known to have one of the highest rates
of cellulose utilization till date reported, that displays
50-fold higher specific activity than the corresponding
Trichoderma reesei system against crystalline cellulose
[9]. The recombinant cellulase isolated from E. coli BL21
cells transformed with full length gene CtLic26A-GH5-
CBM11 from Clostridium thermocellum was shown to
have better cellulolytic activity in an efficient SSF process
using Jamun (Syzygium cumini) leafy biomass as the sub-
strate [10].
In simultaneous saccharification and fermentation (SSF)
process, the enzymatic hydrolysis of cellulose and the fer-
mentation of monomeric sugars are performed in a single
step, making the process a beneficial alternative to sepa-
rate hydrolysis and fermentation (SHF) [11]. The key en-
zymes for ethanol fermentation: alcohol dehydrogenase
and pyruvate decarboxylase was reported to be best ex-
pressed in Zymomonas mobilis [12,13]. As a consequence,
in recent years, research is focused on Z. mobilis, as prom-
ising alternative ethanol producer because of its high glu-
cose uptake and high ethanol tolerance. The rotary vaccum
evaporation, distillation and pervaporation are frequently
used for retrieval of various fermentation products [14].
In the present study, the hydrolytic performance of
a novel recombinant cellulolytic cellulase was compared
with the performance of fungal and naturally isolated bac-
terial cellulase employing various modes of lignocellulosic
ethanol formation by Z. mobilis from steam exploded
thatch grass (H. rufa) for the first time. The breakdown of
structural carbohydrates by steam explosion was assessed
by Fourier transform infrared (FT-IR) spectroscopy studies.
The hydrolytic efficiency of various cellulolytic enzymes
was assessed by obtaining dynamic profile of growth of
Z. mobilis as fermentative microbe, release of reducing
sugar, ethanol titre and specific activity of the enzymes in
several SHF and SSF combinations at shake flask level. Fur-
ther, shake flask SSF experiment with increased substrateconcentration was scaled up to a laboratory scale bioreactor
under controlled process parameters of pH, temperature,
aeration and agitation following ethanol recovery.
Results and discussion
Structural carbohydrates determination
Increment in the efficiency of hydrolysis is the main pur-
pose of using pretreatment methods for lignocellulosic
substrates. Steam explosion pretreatment was employed
for delignification to increase the efficiency of hydrolysis
of lignocellulosic biomass, thatch grass. The carbohy-
drate analysis of untreated thatch grass (Hyparrhenia
rufa) exhibited (w w-1) cellulose (45.07%), hemicellulose
(29.06%) and lignin (17.43%) whereas pretreated sub-
strate showed cellulose (41.02%), hemicellulose (28.14%)
and lignin (14.19%). Various lignocellulosic biomasses such
as bermudagrass, reed and rapeseed were reported to have
cellulose content of 27% - 49% and lignin content of 18% -
24% [15], respectively which are similar to the cellulose
content of thatch grass substrate used in the present study.
The abrupt depressurization in the pretreatment helped to
release maximum amount of reducing sugars in least pre-
treatment time. The FESEM images for steam exploded
thatch grass showed the increment in porosity and struc-
tural destabilization of the lignocellulosic complex as com-
pared to the untreated thatch grass sample (Figure 1A and
1B). The accessibility of the enzyme to the cellulosic con-
tents of the substrate was increased by change in structure
and increase in porosity showing an effective pretreatment
process in biofuel production from lignocellulosic leafy
residues. In the preliminary experiments, an ethanol titre
of 0.92 g L-1 was obtained with untreated thatch grass as
compared to the higher titre value of 1.2 g L-1 with steam
exploded thatch grass. Thus, steam explosion proved to be
an efficient pretreatment method as shown by the com-
position analysis of the sugars present in the substrate and
ethanol titre before and after the pretreatment strategy.
FT-IR spectroscopy analysis
The FT-IR spectral analysis of both untreated and pre-
treated thatch grass samples were carried out (Figure 2).
The H-bond transmittance of OH stretching supposed to
arise from the glycosidic bonds of cellulose or hydroxy-
phenyl, guaiacyl and syringyl groups of lignin released from
pretreated thatch grass was shifted to higher wave num-
ber from 3416 cm-1 to 3426 cm-1 in the treated sample
(Figure 2). The analysis of carbohydrate specific finger-
print of FT-IR spectra obtained is depicted in Table 1.
The shift was due to change of hydrogen bonding en-
ergy in the system of internal and intermolecular interac-
tions [16]. Two independent peaks at 2967 and 2900 cm-1
appeared in pretreated sample due to C-H stretching of
aliphatic structures as also reported by Cao and Tang [17].
In contrast, a less pronounced single peak at 2934 cm-1
A B
30 µm 30 µm
Figure 1 FESEM images. A) Untreated thatch grass B) Steam exploded thatch grass. Topological changes associated with steam explosion
pretreatment are clearly detectable. All images are shown at same magnification-scale bar: 30 μm.
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component was detected after pretreatment. The band
at 1628 cm-1 appeared due to the aromatic ring stretch
of lignin component, a similar analysis was reported
earlier [18]. 1596 cm−1 band appeared for aromatic skel-
etal vibration plus C = O stretch. A band at 1160 cm−1
was due to the anti-symmetric bridge stretching of C–
O–C groups in cellulose and hemicellulose. The shift of
1383 cm−1 peak of untreated sample to 1318 cm−1 in
pretreated sample could be attributed to CH2-wagging
vibrations in cellulose and hemicellulose. Similar peaks
have been observed while analyzing the FT-IR spectra of
cellulose from eucalyptus pulp by enzymatic hydrolysis
[18]. Several research groups proposed different peak pairs
for crystalline and amorphous cellulose viz., 1430 cm-1 for
crystalline and 893 cm-1 for amorphous cellulose [19]. In
our present study, the pretreated thatch grass displayedFigure 2 Fourier transform infrared (FT-IR) spectroscopic
analysis. Untreated thatch grass (Red dash symbol) and Steam
exploded thatch grass (Blue dash symbol).a 1430 cm−1 peak which was due to crystalline cellulose
but no peak for amorphous form was observed. A more
contrasting peak was observed at lower wavenumber
1033 cm-1 as compared to untreated sample at 1060 cm-1
which arose due to C - O stretch vibration of glucose from
cellulose hydrolysis in the pretreated sample. Glucose is
reported to give maximum peak intensity at 1033 cm-1
due to C-O stretch vibration [20]. Therefore, the steam
explosion pretreatment process was significant in the re-
lease of free sugars such as glucose moiety from thatch
grass for cellulosic fermentation to ethanol.
SHF at shake flask level
The hexose utilizing Zymomonas mobilis was employed
as an alternative ethanol producer over conventional mi-
crobes in SHF trials with 1% (w v-1) steam explosion
pretreated thatch grass. Z. mobilis is reported to possess
the key enzymes, alcohol dehydrogenase and pyruvate
decarboxylase assisting in high sugar uptake with improved
ethanol yield, enhanced ethanol tolerance and lesser bio-
mass production [13]. The first SHF experiment with B.
subtilis cellulase and Z. mobilis contributed a reducing
sugar concentration of 0.84 g L-1, an ethanol titre and yieldTable 1 Assignment of functional groups FTIR bands in
lignocellulosic biomass samples
Name of characteristic group Wavenumber (cm-1)
OH 3426
Aliphatic C-H stretch 2967, 2900
Aromatic ring stretch of lignin 1628
Aromatic skeletal vibration plus C = O stretch 1596
CH2-wagging vibrations in cellulose and
hemicellulose
1318
Anti-symmetric bridge stretching of
C–O–C groups in cellulose and hemicellulose
1160
C-H (Crystalline cellulose) 1430
C - O stretch vibration of Glucose 1033
Time (h)































































































Figure 3 SSF profile of 1% (wv-1) thatch grass using bacterial
cellulase, Z. mobilis in shake flask. The cultivation conditions were
100 mL working volume in 250 mL Erlenmeyer flask; initial pH 4.3;
temperature 30°C; shaking 120 rpm. (●) cell OD measured at 600
nm, (▲) ethanol concentration (g L-1), (▼) reducing sugar (g L-1)
and (○) specific activity (U mg-1) with time (h).
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tively (Table 2). The second SHF trial with T. reesei cellu-
lase and Z. mobilis offered reducing sugar (0.98 g L-1),
ethanol titre of 0.67 g L-1 with a yield co-efficient of 0.067 g
of ethanol g of substrate-1 (Table 2). Interestingly, the final
SHF test with crude recombinant cellulase (GH5) and Z.
mobilis provided a maximum ethanol concentration of
0.99 g L-1, reducing sugar content of 1.21 g L-1 and an
improved yield co-efficient of 0.099 g of ethanol g of
substrate-1 (Table 2). Being a part of C. thermocellum
cellulosome, the recombinant GH5 cellulase expressed
in E. coli cells had effective cellulose conversion. This was
envisaged from released reducing sugar by GH5 cellulase
giving an improved ethanol titre as compared to naturally
isolated B. subtilis and T. reesei cellulases (Table 2).
SSF at shake flask level
In the first SSF combination involving B. subtilis cellu-
lase and Z. mobilis using thatch grass, the dynamic pro-
file showed an increment of cell OD in a sigmoidal
manner attaining a maximum of 0.76 at 60 h of fermen-
tation. There was a marginal decrease in reducing sugar
reserve albeit no production of ethanol after 24 h of fer-
mentation owing to its utilization for growth and metab-
olism by Zymomonas. After 24 h, a gradual increase in
ethanol concentration was observed over the incubation
period with simultaneous decrease in total sugar (Figure 3).
The release of reducing sugars of 1.10 g L-1 and ethanol
concentration of 0.72 g L-1 was obtained after 72 h of
fermentation (Table 3, Figure 3). An ethanol yield (g of
ethanol g of substrate-1) of 0.072 was obtained. The sec-
ond SSF combination involving T. reesei cellulase and Z.
mobilis yielded reducing sugars of 1.10 g L-1, ethanol con-
centration of 0.94 g L-1 and ethanol yield (g of ethanol g
of substrate-1) of 0.094 (Table 3).
In case of final SSF combination involving recombinant
cellulase (GH5) and Zymomonas mobilis for fermentation
(Figure 4), Z. mobilis exhibited two distinct growth phases
implying diauxic growth kinetics. The first growth phase
corresponded to an initial 18 h of fermentation with an
average specific growth rate (μm) of 0.4 h
-1. During this
phase, the utilization of sugar produced from the hydroly-
sis of substrate by the enzyme was used by the micro-
organism for its growth. The second distinct growth phase
was observed during 48–60 h of fermentation with aTable 2 SHF with steam exploded thatch grass involving vari
SSF combination Substrate concentration
(w v -1 ) and Mode of SSF
Reducing s
Bacillus subtilis cellulase 1% Shake flask 0.84
Trichoderma reesei cellulase 1% Shake flask 0.98
Recombinant cellulase (GH5) 1% Shake flask 1.21
*the values correspond to the maximum reducing sugar and maximum ethanol titre
Values are mean ± SE (n = 3).maximum specific growth rate (μm) of 0.4 h
-1. The bio-
mass production reached its peak value (A600nm 0.8) at 60
h of fermentation, and the growth rate remained constant
for rest of the fermentation process, indicating achieve-
ment of senescence. The ethanol formation was propor-
tional to the increase in biomass. A maximum ethanol
titre of 1.2 g L-1 was achieved (Table 3, Figure 4) at 60 h of
fermentation and after that it remained constant. The
ethanol yield (g of ethanol g of substrate-1) obtained was
0.120 (Table 3). Interestingly, the dynamic profile of re-
ducing sugar showed a sinusoidal behaviour which can
be attributed to a delicate balance between the rate of
saccharification for release of reducing sugar and the
rate of its subsequent utilization for growth and ethanol
formation. It is important to note that the increase in
reducing sugar concentration (1.45 g L-1) was found to
be concomitant with decrease in specific activity of en-
zyme and vice-versa. The ethanol titre (g L-1) obtained
from various SSF experiments involving pretreated thatch
grass clearly proved SSF process better over SHF with en-
hanced ethanol yields by eliminating end product inhib-
ition and excluding separate reactors’ obligation. Similar
findings are reported in literature [11]. The bioreactor
scale up was employed for the best SSF combination in-
volving recombinant cellulase (GH5) and Z. mobilis in
terms of reducing sugar concentration and ethanol value.ous hydrolytic enzymes and Zymomonas mobilis
ugar (g L-1)* Ethanol yield (g of ethanol
g of untreated substrate-1)
Ethanol titre (g L-1)*
± 0.05 0.051 0.51 ± 0.03
± 0.06 0.067 0.67 ± 0.07
± 0.04 0.099 0.99 ± 0.02
at a particular time.
Table 3 SSF with steam exploded thatch grass involving various hydrolytic enzymes and Zymomonas mobilis
SSF combination Substrate concentration
(w v -1 ) and Mode of SSF
Reducing sugar (g L-1)* Ethanol yield (g of ethanol
g of untreated substrate-1)
Ethanol titre (g L-1)*
Bacillus subtilis cellulase 1% Shake flask 1.10 ± 0.02 0.072 0.72 ± 0.02
Trichoderma reesei cellulase 1% Shake flask 1.10 ± 0.07 0.094 0.94 ± 0.05
Recombinant cellulase (GH5) 1% Shake flask 1.45 ± 0.03 0.120 1.20 ± 0.03
Recombinant cellulase (GH5) 5% Shake flask 12.10 ± 0.04 0.180 8.79 ± 0.04
Recombinant cellulase (GH5) 5% Bioreactor 18.98 ± 0.04 0.320 16.13 ± 0.03
*the values correspond to the maximum reducing sugar and maximum ethanol titre at a particular time.
Values are mean ± SE (n = 3).
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using 5% (w v-1) thatch grass in shake flask and bioreactor
It is well known that a rise in substrate concentration
along with enzyme loadings and inoculum size has a sig-
nificant acceleration in ethanol titre. Accordingly, the
shake flask batch SSF was performed using a substrate
concentration of 5% (w v-1) alongwith recombinant cel-
lulase (GH5) and Z. mobilis. The recombinant cellulase
(GH5) and Z. mobilis yielded ethanol concentration of
8.79 g L-1 with a maximum released reducing sugar of
12.1 g L-1 (Table 3). The yield of ethanol (g of ethanol g
of substrate-1) obtained was 0.180 (Table 3).
In general, it is possible to tightly regulate the impor-
tant process parameters in an automated bioreactor. It is
important to note that the parameters such as pH and
aeration will have significant effect on fermentation dy-
namics and hence, final ethanol titre. To that end, the
SSF was further scaled up in the bioreactor. Unlike shake
flask, a single growth phase was observed instead of diauxic
growth. The cell OD initially remained low followed by an
exponential increase to a maximum value of (A600nm 7.0) at
66 h of fermentation (Figure 5). The dynamic profile of re-
ducing sugar showed a substantial accumulation in the ini-
tial phase of fermentation (18.98 g L-1 at 18 h), followed byTime (h)





























































































Figure 4 SSF profile of 1% (wv-1) thatch grass using GH5
cellulase, Z. mobilis in shake flask. The cultivation conditions were
100 mL working volume in 250 mL Erlenmeyer flask; initial pH 4.3;
temperature 30°C; shaking 120 rpm. (●) cell OD measured at 600 nm,
(▲) ethanol concentration (g L-1), (▼) reducing sugar (g L-1) and (○)
specific activity (U mg-1) with time (h).a sharp decrease in concentration concomitant with expo-
nential phase of growth (Table 3, Figure 5). The saccharifi-
cation products released from complex polysaccharide
content of thatch grass in bioreactor SSF were detected by
HPAEC-PAD by comparing the retention time of standard
monosaccharide sugars (Figures 6A, B, C, D, E and F). The
0 h HPAEC profile of monosaccharides depicted small
amount of xylose that might have been released along with
glucose during steam explosion pretreatment (Figure 6B).
Surprisingly, the same amount of xylose was revealed in the
later stages of SSF as Z. mobilis utilizes strictly hexose
sugars (Figures 6C, D, E and F). The 18 h HPAEC profile
exhibited considerable amount of glucose released by re-
combinant C. thermocellum cellulase (GH5) (Figure 6C).
The HPAEC profile sensed a gradual decrease in glucose at
36 h (Figure 6D) and 54 h (Figure 6E) due to its utilization
by Z. mobilis. Lastly, the 72 h HPAEC pattern presented
negligible amount of glucose owing to its consumption by
Z. mobilis for growth, maintenance and ethanol formation
(Figure 6F). It is to be noted that rate of ethanol formation
(16.13 g L-1) was found to be proportional with the rate of
substrate utilization and cell population growth (Table 3,
Figure 5). The ethanol yield obtained was 0.320 (g ofTime (h)

































































































Figure 5 SSF profile of 5% (wv-1) thatch grass using GH5
cellulase, Z. mobilis in bioreactor. The cultivation conditions were
1 L working volume in a 2 L lab scale bioreactor; aeration rate 1
vvm; pH 4.3; temperature 30°C; agitation 120 rpm. (●) cell OD
measured at 600 nm, (▲) ethanol concentration (g L-1), (▼)
reducing sugar (g L-1) and (○) specific activity (U mg-1) with time (h).
FED
B CA 18 h0 h
54 h 72 h36 h
Standard
Figure 6 HPAEC profiles of monosaccharides obtained from bioreactor SSF of 5% (wv-1) thatch grass. The chromatogram of sugar
hydrolysate viz., glucose and xylose were obtained at different time intervals by HPAEC-PAD (High pressure anion exchange chromatography
pulsed amperometric detector) A) Standard containing arabinose, glucose and xylose B) 0 h C) 18 h D) 36 h E) 54 h F) 72 h.
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relationship between reducing sugar concentration and spe-
cific activity of the enzyme was found to be more promin-
ent in bioreactor as compared to shake flask level SSF.
The SSF profiles of various combinations implicated
an interesting relation between the rate of saccharifica-
tion, rate of sugar utilization and the rate of ethanol for-
mation. A sinusoidal behavior was represented in most
cases of the dynamic profile of reducing sugar depicting
a balance between the rate of saccharification and uti-
lization of sugar for growth and ethanol fermentation. In
some cases, specifically, in bioreactor SSF, the accumula-
tion of reducing sugar in the broth repressed activity of
cellulase enzyme which in turn resulted in decreased
rate of hydrolysis concluding the inverse relationship be-
tween the enzyme activity and the reducing sugar con-
tent. A glucose concentration of 20 g L-1 is reported to
have 75% repressive effect on the cellulase activity [21].
Thus, the sinusoidal behaviour observed in all batch SSF
experiments (Figures 3, 4 and 5) may be attributed to
the combined effect of decrease of saccharification and
in turn its subsequent utilization for growth and ethanol
production. On the other hand, a sugar concentration
below a threshold level decreased the repressive effect
on cellulase activity. An interesting behaviour in our batch
SSF experiments between depletion of sugars without anyfurther rise in ethanol concentration indicated the utili-
zation of sugars for maintenance and survival of the fer-
mentative microbes (Figures 3, 4 and 5).
As compared to other fermentative microbes, Z. mobilis
have shown better performance due to its potential of
having high ethanol tolerance. In the present study, em-
ploying recombinant cellulase (GH5), in the ethanol titre
(1.20 g L-1) (Table 3), a 1.7-fold augmentation was noticed
as compared to B. subtilis cellulase (0.72 g L-1) (Table 3)
and 1.3-fold escalation as compared to T. reesei cellulase
(0.94 g L-1) (Table 3) with Z. mobilis as the fermentative
organism. This proves that the efficiency of thermostable
recombinant C. thermocellum cellulases is higher over B.
subtilis and T. reesei cellulases, due to having highest rates
of cellulose utilization [9]. The best SSF combination of
recombinant cellulase (GH5) and Z. mobilis using 5%
(w v-1) thatch grass at shake flask level yielded a 7.3-fold
rise in ethanol titre and 1.5-fold higher ethanol yield as
compared to 1% (w v-1) substrate concentration. More-
over, when the shake flask SSF using 5% (w v-1) thatch
grass was scaled up in lab scale bioreactor a 2-fold up-
surge both in ethanol titre and yield were obtained
(Table 3). The controlled conditions of various parameters
like aeration, pH in the bioreactor had an added advantage
on the growth and ethanol titre [22]. An increase in the
substrate concentration along with enzyme loadings and
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nol titre and yield [23].
Ethanol recovery with determination of purification
process efficiency
The crude ethanol obtained in SSF studies employing re-
combinant hydrolytic cellulase (GH5) and Z. mobilis
using 5% (w v-1) steam explosion pretreated thatch grass
at bioreactor level was 20.44 mL L-1 i.e., 16.13 g L-1. The
vacuum evaporation of fermentation broth (1 L) with crude
ethanol yielded 4.80 mL of distillate comprising 4.53 mL
i.e., 94.4% (v v-1) of pure ethanol. Lastly, the purification
process efficiency was found out to be 22.2%. The residual
ethanol in the broth obtained with the water condensates
can be completely recuperated by numerous distillation
steps as encompassed in large scale operations [14].
The ethanol titre and ethanol yield was found to be
comparable with other reported values in the literatures.
An ethanol concentration of 2.2 g L-1 was obtained from
1% (w w-1) of banana waste using a coculture of Clostrid-
ium thermosaccharolyticum HG8 and Thermoanaerobacter
ethanolicus ATCC 31937 [24]. An ethanol titre of 62.7 g L-1
ethanol using 19% (w w-1) dry matter corncorb and com-
mercial cellulolytic enzymes in bioreactor has been re-
ported [23]. A SSF experiment involving 30% (w w-1) solid
content with commercial cellulase enzyme and Zymomonas
mobilis as fermentative organism gave an ethanol concen-
tration of 60 g L-1 [13]. One percent (w v-1) Mangifera
indica leaves with recombinant C. thermocellum GH43
hemicellulase and Candida shehatae yielded an ethanol
titre of 2.1 g L-1 [25]. The leafy biomass of mango contrib-
uted an ethanol titre of 12.3 g L-1 using naturally isolated
cellulase and recombinant enzymes from C. thermocellum
[26]. Z. mobilis upon fermentation of 20% (w v-1) sugarcane
bagasse resulted in an ethanol titre of 6.24 g L-1 and yield
of 79% with productivity of 3.04 g L-1 h-1 [27].
This illustrates that in our SSF studies, a better choice of
bioethanol production was provided by economically fea-
sible recombinant (GH5) cellulase along with Zymomonas
mobilis.
Conclusions
Effective steam explosion pretreatment released substan-
tial hexose sugars from lignocellulosic thatch grass as
confirmed by FT-IR studies. The recombinant GH5 cel-
lulase with 1% (w v-1) substrate and Z. mobilis in shake
flask SHF and SSF trials demonstrated highest ethanol
titre as compared to Bacillus subtilis and Trichoderma
reesei cellulases. A 5% (w v-1) substrate with recombin-
ant enzyme in shake flask SSF resulted in a 7-fold incre-
ment of ethanol titre. The subsequent scale up in a 2 L
bioreactor with 1 L working volume yielded a 2-fold up-
turn both in ethanol titre and yield. The rotary evapor-
ator based product recovery from bioreactor contributed94.4 (%, v v-1) pure ethanol with purification process ef-
ficiency of 22.2%. SSF processes utilizing recombinant
C. thermocellum enzymes have the prospective of yield-
ing a value-added product, bioethanol with the curtail-
ment of the production costs in industry.
Methods
Reagents and substrate
Ampicillin and components for LB and GYE media and
other reagents of analytical grade were procured from
Merck and Himedia laboratories (India). Carboxymethyl-
cellulose (low viscosity, 50–200 cP) was purchased from
Sigma Aldrich (St. Louis, USA). Lignocellulosic biomass
thatch grass (Hyparrhenia rufa) collected from Guwahati,
Assam, India was used as the substrate for SSF study. The
substrate was pretreated by steam explosion for improved
hydrolysis [28]. One gram of the powdered cellulosic sub-
strate was taken in 250 mL Erlenmeyer flask. The mixture
was autoclaved at 15 psi and 121°C for 1 h followed by
sudden steam depressurization by fully opening the steam
exhaust valve.
Microorganisms and culturing conditions
Trichoderma reesei (MTCC 164) and Zymomonas mobilis
(MTCC 2427) were procured from IMTECH, Chandigarh,
India. Bacillus subtilis AS3 (Genebank accession No. EU
754025) isolated from cowdung was a gift from Professor
Dinesh Goyal, Thapar University, Patiala, India. The re-
combinant family 5 glycoside hydrolase (GH5) gene was
cloned and expressed earlier by the corresponding author
AG as reported elsewhere [29] and is now also commer-
cially available with NZY Tech, Lda, Lisbon, Portugal.
One millilitre of T. reesei spore suspension (5 × 107
spores mL-1) was inoculated to 100 mL of Potato Dex-
trose Broth and incubated at 28°C, 120 rpm for 48 h.
The culture broth was then centrifuged at 10,000g for 15
min and the cell free supernatant obtained was filtered
twice and 1 mL of the filtrate was used as the crude en-
zyme for SSF experiment. The inoculum of Z. mobilis
was prepared by growing the strain in the medium con-
taining (g 100 mL-1): glucose 2; yeast extract 1; KH2PO4
0.2. The pH was adjusted to 6 and incubated at 30°C, 120
rpm for 48 h. 1 mL of actively growing aerobic culture
(2.1 × 106 cells mL-1) was transferred to the fermentation
media. B. subtilis inoculum was prepared by transferring
a loop full of culture from nutrient agar slant in 5 mL of
nutrient broth and incubated for 18 h at 37°C and 180
rpm. 2% (v v-1) of the fresh inoculum was transferred to
50 mL of the optimised medium containing (g L-1):
CMC, 18; peptone, 8; yeast extract, 5; K2HPO4, 1;
MgSO4.7H2O, 0.25; and NaCl, 5 [8] in 250 mL Erlenmeyer
flask and incubated at 37°C for 48 h followed by centrifu-
gation at 10,000g for 15 min at 4°C. The cell free super-
natant was used as the crude enzyme for saccharification.
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containing Glycoside hydrolase family 5 gene from Clos-
tridium thermocellum inserted in an expression vector
pET21a [29] was used as source of recombinant cellulase
enzyme. These cells are maintained in LB medium with
100 μg mL-1 ampicillin as glycerol stock at −80°C in our
laboratory at IIT Guwahati.
Production of recombinant cellulase (GH5)
1% (v v-1) of the E. coli Bl-21 cells harbouring recombin-
ant cellulase (GH5) from glycerol stock were inoculated
into 5 mL of LB medium containing 100 μg mL-1 ampi-
cillin and incubated at 37°C for 16 h at 180 rpm. 1%
(v v-1) of the culture inoculum was transferred to 250
mL of LB medium in 500 mL flask containing 100 μg
mL-1 ampicillin and was incubated at 37°C, 180 rpm till
the culture reached to mid-exponential phase (A600 0.6).
Isopropyl-β-D-thiogalactopyranoside (IPTG) was added
to this mid-exponential phase culture to a final concen-
tration of 1 mM followed by further 8 h incubation for
protein induction. The cells were collected by centrifu-
gation (9,000g, 4°C, 15 min) and were resuspended in
50 mM sodium acetate buffer adjusted to pH 5.2. The
recombinant enzyme was expressed as soluble protein.
The cell extract containing soluble enzyme was soni-
cated in an ice bath for 15 min followed by centrifuga-
tion (13,000g, 4°C, 30 min). The supernatant was used
as the enzyme source for SSF experiment.
Separate hydrolysis and fermentation (SHF) at shake
flask level
Three individual batch separate hydrolysis and fermenta-
tion (SHF) experiments were carried out at shake flask
level employing 1 g of steam explosion pretreated thatch
grass (Hyparrhenia rufa). The fermentation medium con-
tained 100 mL of 20 mM sodium acetate buffer (pH 4.3)
in three separate 250 mL Erlenmeyer flasks. One millilitre
of B. subtilis cellulase (3.3 U mg-1, 0.5 mg mL-1), 0.3 mL
of crude T. reesei cellulase (12.9 U mg-1, 0.82 mg mL-1)
and 0.6 mL of crude recombinant cellulase (GH5) (5.6
U mg-1, 0.44 mg mL-1) for saccharification were added to
each of the three flasks. The saccharification of the thatch
grass was carried out at 50°C and 120 rpm for 36 h. Then,
centrifugation of each medium was performed at 5,476g,
25°C for 15 min and the supernatant was collected sepa-
rately. The supernatant was supplemented with (0.1%,
w v-1) each of yeast extract and peptone and used as fer-
mentation medium separately for each of the SHF trials.
One millilitre of Z. mobilis inoculum (2.1 × 106 cells mL-1)
was inoculated to each of the flasks containing the fer-
mentation medium. The fermentation was carried out for
3 days at 30°C and 120 rpm. The SHF parameters viz.,
cell OD at 600 nm, ethanol concentration (g L-1), redu-
cing sugar (g L-1) and specific activities (U mg-1) wereestimated with collection of samples (2 mL) at every 6 h
interval.
Simultaneous saccharification and fermentation (SSF) at
shake flask level
In the first step, the performance of three different
hydrolytic enzymes was compared from SSF experiments
by growing Z. mobilis on steam exploded thatch grass as
substrate. The comparative SSF studies were performed
using 1% (w v-1) steam exploded thatch grass in a 250
mL Erlenmeyer flask at 30°C and 120 rpm till 72 h with
sample collection at every 6 h. 1 mL of Z. mobilis (2.1 ×
106 cells mL-1) was employed for bioethanol production.
The fermentation media containing 100 mL of 20 mM
sodium acetate buffer and supplemented with 0.1 % (w v-1)
each of yeast extract and peptone was maintained at an
initial pH of 4.3 in each batch of SSF. The first SSF
combination comprised of 1 mL of B. subtilis cellulase (3.3
U mg-1, 0.5 mg mL-1) for hydrolysis and 1 mL of Z. mobilis
for fermentation. The next combination involved 0.3 mL of
crude T. reesei cellulase (12.9 U mg-1, 0.82 mg mL-1) as
the hydrolytic enzyme along with 1 mL of Z. mobilis as
the fermentative organism. The final combination involved
0.6 mL of crude recombinant cellulase (GH5) (5.6 U mg-1,
0.44 mg mL-1) for saccharification alongwith 1 mL of Z.
mobilis inoculum as the bioethanol producer. The dynamic
profile of the SSF was obtained by estimating various
fermentation parameters like cell OD, ethanol titre (g L-1),
reducing sugar concentration (g L-1) and specific activity of
enzyme (U mg-1).
SSF experiment involving recombinant cellulase (GH5)
and Z. mobilis with 5% (w v-1) substrate in shake flask
and bioreactor
In the next step, a higher substrate concentration 5%
(w v-1) of pretreated thatch grass was used for best SSF
combination involving recombinant cellulase (GH5) and
Z. mobilis. 5 mL of crude recombinant cellulase (GH5)
(5.6 U mg-1, 0.44 mg mL-1) for hydrolysis and 5 mL of
Z. mobilis inoculum (2.1 × 106 cells mL-1) as the fermen-
tative microbe were used for batch SSF at shake flask
level. The fermentation medium containing 100 mL of
20 mM sodium acetate buffer and supplemented with
0.1% (w v-1) each of yeast extract and peptone was
maintained at an initial pH of 4.3. Finally, bioethanol
production in batch mode was scaled up in a 2 L cap-
acity bioreactor (Applicon, Bio Console ADI 1025) with
a working volume of 1 L sodium acetate buffer (20 mM,
pH 4.3) supplemented with yeast extract (0.1%, w v-1)
and peptone (0.1%, w v-1). 5% (w v-1) of steam exploded
thatch grass was used as substrate for SSF studies. 50
mL of isolated crude recombinant cellulase (GH5)
(5.6 U mg-1, 0.44 mg mL-1) was used for saccharification
alongwith 50 mL of Z. mobilis inoculum (2.1 × 106 cells
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120 rpm agitation, temperature of 30°C and 1 vvm aer-
ation rate were maintained by a mass flow controller.
The cell growth was monitored by a spectrophotometer
(Varian, Cary 50, Australia) at 600 nm. The online process
parameters like temperature (°C), pH and stirring rate
(rpm) were recorded for every 1 min. The various offline
parameters such as cell OD, reducing sugar (g L-1), spe-
cific activity (U mg-1) and ethanol content (g L-1) were
obtained at every sampling time point of 6 h. The trends
of pH values are qualitative indicators of phenomenon like
organic acid production or consumption. The pH was
maintained at 4.3 by addition of 1N HCl and 1N NaOH.
Thus, owing to the sensitivity of the organism pH excur-
sions below 4.3 were not permitted.
Recovery of ethanol
The crude bioethanol in 1 L of fermentation broth was
filtered by Whatman filter paper 1 with the subsequent
concentration of the filtrate in a rotary vaccum evapor-
ator (Buchi Rotavapor R-200, Switzerland). A 2 L round
bottom evaporation flask was used to heat 1 L fermen-
tation broth at 78.5°C for 3 h in a water bath (Buchi
Heating Bath B-490). Finally, the pure ethanol in the dis-
tillate was collected and analysed by dichromate method
[30] as described later.
The purification process efficiency of ethanol by rotary
vaccum evaporator was calculated by the following equa-
tion,
Purification process efficiency %ð Þ
¼ volume of pure ethanol in distillate mL L
‐1
 





Cellulose, hemicellulose and lignin were determined by
standardized methods of NREL, USA [31]. 0.3 g of cellu-
losic substrate (leafy biomass) was mixed with 3 mL of
72% (v v-1) H2SO4 and incubated at 30°C for 1 h. Then, 84
mL of distilled water was added to bring down the concen-
tration of H2SO4 to 4% (v v
-1). This was further autoclaved
at 121°C and 15 psi pressure for 1 h followed by vaccum
filtration. The residue collected after filtration was weighed
which is acid insoluble lignin. The pH of the collected fil-
trate was neutralized by addition of 1M CaCO3. Finally,
the filtrate was assayed for reducing sugar which is glucose
from where cellulose is calculated (1 g cellulose = 1.1 g of
glucose). The remaining content was hemicellulose.
Measurement of cell growth
The cell growth during fermentation was estimated with
the withdrawl of initial medium along with the pretreatedsubstrate prior to inoculation as blank. Then, the fer-
mentative microbe Z. mobilis was inoculated into the
fermentation medium. With the advancement of SSF,
the absorbance of the broth samples containing the sub-
strate along with the microbial cells was measured against
the above blank. The difference in absorbance (OD600nm)
was measured as cell growth.FESEM analysis
Field emission scanning electron microscopy (FESEM-Carl
Zeiss, SIGMA VP instrument) was used for analyzing
the destabilization of structural arrangements of thatch
grass. 25 μL of the untreated and steam exploded thatch
grass (0.05 g L-1) were placed over the glass slide, dried
and coated with gold film using a SC7620“Mini”, Polaron
Sputter Coater, Quorum Technologies, Newhaven, England
and the images were analyzed under the microscope.FT-IR spectroscopy analysis
Fourier transform infrared (FT-IR) spectroscopy analysis
of untreated and steam exploded thatch grass was carried
out in FT-IR spectrometer (Spectrum Two, Perkin Elmer,
USA). The samples were pelleted by dispersing 1 mg each
of dried (45°C for 18 h) untreated and pretreated thatch
grass with 3 mg of potassium bromide (Sigma, USA) in
1:3 ratio. Three replicate of the samples were prepared to
increase the reproducibility of the analysis of samples. The
samples were verified by 30 scans per sample in iteration
with resolution 4 cm-1 and data interval 0.1 cm-1.Enzyme assay with determination of protein content
The cellulase assay of Bacillus subtilis AS3 was carried
out in 100 μL of reaction mixture containing 1.3% (w v-1)
final concentration of CMC (65 μL of 2%, w v-1CMC) in
50 mM glycine NaOH buffer (pH 9.2) and 35 μL of cell
free supernatant and incubated at 45°C for 10 min. One
unit (U) of cellulase activity is defined as the amount of
enzyme that liberates 1 μmole of reducing sugar (glucose)
per min at 50°C. In case of crude recombinant GH5 and
T. reesei, the cellulase assay was carried out by incubating
the enzyme with CMC for 10 min at 50°C. The reaction
mixture (100 μL) contained 10 μL of enzyme and 1.0%
(w v-1) final concentration of CMC in 20 mM sodium
acetate buffer (pH 4.3). The cellulase activity was measured
by estimating the liberated reducing sugar employing
Nelson Somogyi procedure [32,33]. The absorbance was
measured at 500 nm using a UV-visible spectrophotom-
eter (Perkin Elmer, Model lambda-45) against a blank
with D-glucose as standard. The protein concentration
was determined by the Bradford method using bovine
serum albumin (BSA) as standard [34] for all the three
cellulases.
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recombinant cellulase
The monosaccharide released by enzymatic degradation of
cellulose from steam exploded thatch grass (Hyparrhenia
rufa) during bioreactor SSF was detected by high pressure
anion exchange chromatography (HPAEC) using CARBO
PACK™ PA-20 column (Dionex) following the method of
Van Gool [35]. The instrument (ICS-3000, Dionex) with a
loop size of 25.0 μL and flow rate of 0.5 mL min-1 was
maintained at 30°C throughout the study. The reducing
sugars eluted by 100 mM NaOH were analyzed by pulsed
amperometric detector (PAD) in tandem with Dionex
(ICS-3000). The HPAEC profiles of the monosaccharide,
glucose released by recombinant cellulase (GH5) from
complex cellulose were studied at 0, 18, 36, 54, 72 and
96 h. The monosaccharides, arabinose, glucose and xylose
(1.2 mg mL-1 final concentration of each sugar in the
standard mixture) were employed as standards. The centri-
fugation of the crude sample (200 μL) diluted with ultra-
pure water (400 μL) was carried out (15,493g, 25°C and
15 min). The supernatant (500 μL) filtered through 0.2 μm
membrane was consequently injected into HPAEC-PAD.
The retention time for standard monosaccharide sugars
used were arabinose (3.71 min), glucose (4.23 min) and xy-
lose (4.98 min), respectively as shown in Figure 6A.Gas chromatographic and dichromate analysis of ethanol
A flame ionization detector (GC-FID, Varian 450) along
with Porapaq column (Hayesep) Q (3.0 m × 2.0 mm i.d.,
80–100 mesh, manufactured by Varian) was employed to
perform the gas chromatographic analysis of ethanol [36].
The carrier gas used was nitrogen at a constant flow rate
of 55 cm3 min-1. The oven temperature was kept at 150°C
for 20 minutes isothermally. The injection volume used
for analysis was 1 μL along with the injector and detector
temperature maintained at 170°C.
For ethanol content estimation, dichromate method
was also castoff where ethanol produced was converted
to acid by reaction with dichromate [30]. The cell free
culture was diluted 10 times (reaction volume 10 mL) to
which 2 mL of K2Cr2O7 (3.37 g 100 mL
-1) was added and
absorbance was measured at 600 nm.Abbreviations
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